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ABSTRACT

Restiratory heat excb_nbe has been meaeured bj determinations of
tnmneratu*e, hun1d:ty and mass flow of 1nsp1red and expired airs. The

Tanges of inspired temperatures and humidities were 8C to 180°F and

'C.%& to 1.2 in. Hg vapor "ressure resp. Five ror'"a1 ycung men served as

ects i. €1 er"er‘rehts. :

Srecific enthalpy d:f’ererce tetween inspired and exrired airs

_proved to te the most fundarental heat quantxty. {a} as judged by

satisfactory predictive elatiorshlps which are in aependent of rate.
and volume of respiraticsn, - (B} as estatlished by @atlsfaétory theo—

retical accountlngs for. the heat and mass to ransfer rrocess. By setting .

specific en thalry difference egual to zerd 1t was fceuad that inspired

_and expired wet bulb _temperatures ‘aireed very closely. - -This permlts

the 1nter,retat1on that adlabatic sersible.and ’aten. heat exchanges,
between 1nsp1red and explred a1r, take place at conetant total heat.

Preulctlve equatxons have been developed for specxflc enthalpy
differcnce (Btu / 1b), as follows-

est =t 2001

AR - 0.191 ¢, +elov~ -48.37';” "SE

AE = 0.01C5 t2 - 0.833 t, = 15.81 ;  SF,,, =t 1.59 .
where -
t, = temperature of inspired air (°F)

t, = wet bulb temperature of inspired air (°F)

%, = humidity of inspired air- (Ib /Ib)

. The tempersture, humidity and enthalpy prbpért‘es of expired air

are described methematically and Lraphically. Discussion of these re-
sults with other investigatfons in tbe literature, ‘where comparison is

juetified, reveals satisfactory agreement when states of ‘unsaturation
of the expired air are conaidered. h '
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INTRODUCTICN

'In the course of studies on human exposures to alr tez::,e;-at .res
ranging up to 24C°F (115.5°C) and humidities rangmg up to ‘1.4 in. '-L;v-
(25,6 ™) veror Préssure, tre Bssitility of” mtoIexabTe,.h_eazmg of"
the respiratory p'aosag'es or lon,_s acs a liriting factor ﬁéd'hcntinmusly
been entertained. Actually under. he conditions of the. expenren ts. thie
fear was not reallzed, and all symptoms epec:.fxcally referahle ta- tine
" respiratory tract proved to be wlf‘ and without 1r-portant ef’fect. upcm

the duratlon of the experinment. It tecame elear thaty hke sweat evapo—-
ration in 1ts effect upon the skin, tke evaporatwe coolmg mechamsxrr
of the respiratory tract nas great capacxty to abeorb seuszble heat:
through humidification.

A few preliminary measurements made in 19485 showei t.hat a:rb:ent,

air at 2cC°F typxcany took the following temperature course* -

' Lﬁeasurement ~ Oral Breathing Nas"al Ereathing

Inhalation: At portal of nose

or mouth, , CCASC°F . IBE°F
1.5 in. within . R
nose or mouth, 135°F - 110°F
- - Exhalatfon: 1.5 in. within - — s
nese or moutk, 104°F , 1C2°F
At portal of v R
nose or mouth, A 110°F . I14°F

These results clearly show the rapid reduction in temperature m with =
shor: traverse within the respiratory tract: and. in part, ezplazim why
temperatures in the tract did not become a limiting factor in talersuce
for extreme heat. ‘It became evident that closer and more enmplata smég
of the total bxothemal process was necessary for ruller unﬂmtandins,'
and the present series was planned to incorporate humidities snd air. 4
volumes, as well as temperatures. with such data both heat and mass
balances can te calculated and the rationale of the temperature:curve
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Leat excharges have siresred irn the literature. They vary in the ten-
censidered, the metheds used, and in the

Eureh™ presentz the meost ccr-

ature exposures. Loswy and Serhartz -

ar.é "neutral® ‘zones, while

ee}gv:'~explored~a~I&rgew,;xge;~zv~ee~lEG9F.~ln aany of the papers
o

rtal measurements were taken, but Seeley drew re-
a

tes in the racepharynx, and Christie

the resiiratery rechonics 1o infer terjersture and humici ty conditicrns

ir-tne Zesr vassngee and lunga- flthougn tiey irvelve heating stresses
of ¢« mucr rigier ordar of mapnitude, the expérirernts of Loritz,

tenrizuos 2nd Lelesn® on drpe satsblish

tenrerature levels

Jreoruryrze of this investiontion is to Zdeternine

t
hurdicity =ni hoot Og&:titivﬁ C:‘;lﬁ-inspircd and exg
/

e
red alr ir order
terperatures and

} to ottain ¢ ata from which extranolatxons

a range ¢f Lumidities, ard
ray serve to irdicate the criticsl terperatures»which exceed human

tolerance.

cr alteravlonc in’

L tre rcsrf?u cry troct l»'~ - ) e e

the terperature,
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& in heat tolerance

s gontrol served to
e inszired azir of the subjeets.
and humidity controls: wet ard
é:: a ééwbgoin: reter give a'éheck cn the tempera-

iz system consisted of' {1) routkpiece; (L) tkermocouples to mea-
cure air terrerature at the u “outerbbel’at rorta‘ of "outb), {z)} "freeze-.

At coils to collect varor; and {4) respx"atory sasometer. vxmxlar gir=

L aa
furniched for eapired and inspired air, -the latter bean zan—~
vled from the insyired airway. The ecuipment is sckhermatized in Fig. 1.

ece was wade by cerenting two Collins sing}e ckannel
mouthiiecesc tovether. These were cn0°enfbecause they had a large opening, -
hence a lnw resictance. The tubing used ¢o cornnect” the valve set tc the’
sendenzing 20il wag of flexible r;astic £0 chasep to avoxd the ahsorpt1on
of ~oA~tu._.

Thr recpiratery thermocourle nauxp*ert, desxcqud to cnabIe accurate
ressuvrement of the rapidly f‘uctuﬁ’xn temperatures of the air strean,
corsiztel ~f a «=1f talancins electronic potentiometer hxvxng an ink re- ‘ e
cord of tue:Tonouple terreratures on a direci-writing oscillograph. The
response of this unit is ¢lat up to several cysles per second. It draws
fractically no—current -from the-thcrwncouples-and“ts'unaff%cted“by‘llne'f
voltnge tluctuationr. The -instrument was used in con;unctxon;thh fine
buit-welged t'{f’”COUrAUF ~onutructvd from nurber 4( gauge copper and
conztantan wire., ‘here courles were fournd to follow air temperstures very _ ‘
closely, irresrective of tie respiration rate. ‘ f |

The tagulated inbkaled an

Fithéd‘if?'tbﬁfé?&iuiéé-nié"fﬁé*méﬁﬁ_“”~ m_—f“"";__““’\

ynlues of at least ten readinge, five token during the Cirat half of the ) ,'\
|

|
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‘test 2nd five in the last balf. As a check, -a temperature reeord was |

kert for ihe entire duraticn of onn ex{.eriment,‘. and ther average of all \
i1 H co owithin (0% t the average ebtained by the ]

. oLio o t‘l'l(.":l tcr"oerat ure tracing and the

rogorded. Tnese tcvperaturf measurements: are

- factor in the accusacy Of the cerived guantities,

Tabtle 1l gives an exarrle from exp. =4

TABLE I. SAMPLE TLJPERATURE DATA

Insrired T Thspired
Firet half  lest balf . rirst Balf Last half '
e el sas 97w
1.8 1180 4 o mes. . ene
) 11¢.8 1fa s .o ST.0
117.¢ 10,8 sl .0
10 7.0 0 94.9'. 7.2
Lverase  11F.C°F - ‘ ’ | 9B.S°F

The frearze-cut coils wire rade of Co7E ine. dlameter gyret €lass
tubing and were forred into xour-turn r*imls ,,.5 in. ¢iameter; suf-
ficiertly lisnt to ;'nrmt weiching, on a 20C grar. analytv-al ‘balsrce.
I'or water varor co-l:.ct.xcn the coils vwr-o irmersed in a vet‘xanol-d:ry' s
ice tath, the terjerature ot which was approxlmately minus lCL“B.
i oyeratxon it wag found that no liquid was formed; the water goiog di- |
; o - . ‘rectly from the vapor ;have to the sol id phase/ fomin'g snow. This suow
,' LA was collected in the oml., by a COppur wire screen uttz vm hole
i T oTTTTTT T “wige oo thut the anow was trarpped p,radually ‘and’ yluseing uasgrevented.

=¢«e;;iratory volumes were, etemmed by a posztw‘v dis:phcmnt
me talolism carometer, and herh: corrected to standard terperature and

- pressure, 5 posslole error ex’i_ ted in the fact that- thiz vclume was
' . concidered as saturated. krevious tests on the perceni saturation of

the collected air sample gave an average value of '92%, “extremes being o o

I 30 and Yo% The srror whicn this makes in the messwred volume:is well

/ O aemoeRs s _*___

- y . . B ’ . : . &
gl © o rmeratitn . g &t .
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" below cne percent and was neglected.

Calibrations

calibrated so that it was only necessary in this series of experimeats to
run the following da11y check. The thermocourle ampl1f1er was set with
reference to a precision pbténtionéth,”aﬁd“fhé’fﬁeféécaup*eS'in the

The temperature and volurme measuring eoulpment had previously been

mouthpiece, when in a stezdy state, were checked against thermocourles
connected directly into the potentiometer. A calxbratxon factor was thus
" found and applied for the experlment.

Since the packing in the hnm1d1ty coils was deternxned by trial and

~error the collecticn ¢ yqtem had to ‘be ca llbrated. 1he Frocedure ‘was essen-~
tiaily that used by Burch.* rany “re11m1vary tests were run but the final

checks con51sted of two calxbratlon series.’

\erles A had as 1ts object to. sboa tkat the fir st of tro ao11s placed

in series collected all but a trace of wzaler from ‘the air rassing ‘through

the system. All the air tor these tests was taken" from the same location

in the plenum chamber as was eventually. used to brxnb inspired air to the

subjects. The dew point calculated from the water collécted in tke first

" ¢oil was also checled against the dew pnint as piven by the dew point
meter (considered accurate to t1°F). The air sarples used to calibrate the
coils were chosen to rerresent the possible extromes of conditions whick

would ke encountered during actual tests. The recults are shown in Table I3.

‘The object of calibration series b was to show that a:kmown amount

of water could be recovered by a single coil. Three e0ils were used in -

this test: Coil A, 'a saturating.coil containing packing thorcughly wet

with distilled water; Coil R, a ccndensing coil in series with satura-

A ¢ e

tion coil A; €oil C, a condensing ¢oil ii parallelivitn'ﬁ;“ﬁ to deter—
mine the water content of the air entering coil A.

Thus:

veight gain C *+ vueigcht loss A - = Yeight gaim R

It was concluded that the resultert low errcrs fTébles'II and II1)

< justified the ‘use of these coils for the determination of the water con-.
tent of inspired and expired air. '

-~

AF-TR €023 : 5
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TABLE II. KUMIDITY CALIBRATION A
- - Control setting Dew I’oint‘-(‘,’F}-—~ i e COLL- NOw 2 R e
°F - in. b observed -calculated = weight gain % wt. gain*
20C - 1.18 ~ - 87 87.€  =0.C00L -0.01
200 - 1.18 84 837 . +0.0003 +0,04
200 - 1.18 . g2 €12 Y 40J0CBE T +1.19
120 - 1.18 a 79.5 - - Y0.002C - - +6.38
120 - 0,79 U8G 77.9  46.C018 . +G.27
Room Air - - 4g 48,7 . +C.00LG +0,41 , .
- R - 115’ - ‘,:‘l.ssl_q,ve.r_m,_m_ ,9& e e 102.2 : _...+€'x.{)002~ .,_',,_., +C, 0 oo o e e e e
115 - 1.85 over . ¢ FTICS S (7S B TR
T L e . ‘,,_‘ isht ¢ in 0il ro. R
" *Percent weight gair = ( efe‘ ga%n.c 1 o. 2 x 100 -
_ : {reight gain’eoil Nho. 1) .
TABLY¥ Ili. RULIDITY CALISRATLGH B
veight gain %"eiéht loss Total = Tteight gain  Percent error*
' c L , K .
C.1024 C.547C C.€503  C.€859 ' +C.e5 o
o C.0975 - 0.5681 0.CE5€ -~ CJETCC +0.66
| C.2687 C.£€18 11805 0 L LISEO . . =Cu42
j C.271€ - 0.9378 10697 L.cee | - =G.08
- £~ ¢+l
*Percent error = 1(C [———((-:——l-
C+A
AF-TR 6023 6
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SECTION

Subjects

The five SL.Jecte were male, white adul*s morkznb in the En€1neer1ng
Department of the Unlver31ty of Cal1forn1a at Los Ance’es. They " were be- . .
‘Z8. Their respiratory patterns differed consid-

zot considered in iheig choice. .

tween the ages of 22

erably, although this was

II

and

- SUBJECTS AND EXPFRIMENTAL FLAN

TABLF IV,

DATA O

RN

SUBJECTS.

~.

Subjects  Age  height Yeight  Fody ";rea'__;_w - ayrbol
o {in.) (1bs). ~ fsa. £t}
T.R.E. 36 72,0 180 €.z +
Y.V.E. 26 75.C 14¢ £0.C o
S err> 152 2.1 a
L.T. ¥ €75 155 19.¢€ (]
G.L.T. o2E 7C:5 12C 1.5 o

Experimental Routine

mxrutes to 1nsure a

Nap g, -

~—— _Was obtained.

AF-TR €023

=

The night preceding.an’ erper;rent the coils were washed and &rxed in
‘a kot aiF stream. In the morﬂlnb ‘after all routzqe checks La& been made on
the equ1pnent, the coils were wcighed. After the aub3°c§ hadirested.for G
téndaré resting state the inspi;e@;air-csnﬁrﬁls ware
checked angd the test was run. Fach test was continned_uhfil appfoxjmately
30 liters of air had been respired. The coile were'thqn'drie&‘dn~the out-
side by wiring and left to stand in a rack in tle room air. Ifter about an
hour and a half the coils were rereatedly’ weiehed until a constart velue

{
i

P ——
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.

flang> of Conditions

TABLE V.  RANGE OF INSTIRED AIR TEST CONDITIGHNS

Air Terpereture _,WA“: ~ Vapor Pressure _
(°r) (°c) . (. H)  (m Eg)
foom Air  £1-24  Range = 0.17-C.21 4.0-5.35.
126, 46 . G.3g, 0,79, 118 1G, 2G, 30
160 n 39, 0.72, 1.18- -10, 20, 3C
© 200 or . .C.79, C.79, 1.18 10, 20, 30

The room air sanples servea to establisk a norm and checks aga1nst
previously published data. The other Londzt1on< were chosen, within the

‘1imits of the testing squiprment, to’ ear;le a range of temporature and
“humidity of irspired air. It :hould be noted that the low hun1d1ty
-{C.39 in. Lg) environrernts were ‘not under wet bulb control; rather.the

air at ambient humidity was r 1ssed throubh a silica t‘el drier w1th no
vapor added. vhatever water content of the air occurred under these
circumstances was deterrincd as the tes t wac run.

Special Cbnditions of ixreriments.

It shculd be poirted out that tbe condltlons of theee experiments
depart in some respects from usual corditions of total expoeure.

(1) Subjects were in a standard resting state, not basal: *ney sat
quietly for a period of ‘at least 20 mlnutes before the test.

(2) Body temperature, though not measured,,was assgmed tO'remain '
_ unaltered sinqe_the subject-was norrally cIothed and in a '
" comfortable. environment.

(3) The snhort time of cxposure, approximately five minutes, mini-
‘ mized the‘tendency to heat up the reépiratory tract.

(4) Portal-to-portal measurements were the subject of consideration,
s0 that all experimental arrangements were designed to give ac-
.curate temperatures, humidities and air volumes at that point.

(5) Oral breathing was routine, with ‘the nose closed off by & elamp.

AF-TR 6023 8
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SECTION IXI - EULIDITY ALD EUTHALPY CALCULATIOLS

The following rostulates are arpropriate to the problem at hand:

(1) Respited air is a perfect gas. .

(2) The water added by the respiratory tract to the respired air
was at standard bocy terpera*xre (98.€°})

(2) The volumes of 1nep1red and exr1red air are ' the sare.

Regarding point (=Y theefollowing calculatiqn was»made.'Best and
Taylor1 give an average respiratory quotient -of u.85 for adults on a

normal diet, and an 1n=r1red—exr1red change in the CCp contemt of ap-

prox;nately four percent of tra total volume. Respiratory dquotient is c

: “efxned as the ratio of the volurc of COg elxvxncted t> the volure of - ‘ B

Oz absorbed. Consequently, the net volume change frrie 1nsp1red to ex-

‘pired air would be (1=C.&5)(¢/10C) = 0.€% After considering the mag-

nitude of this error it was decxded the difference could be neglected.

The BE system of units was used, except in certain key charts ard
tables, and when comparing our results with ;revious,publieat;ons. Liost
of the terms of the total tody heat exchange have been found to Lave a

“high correlation with tody surface area, 80 it has veen the practice .to

refer -the heat exchenge'of-the“reepiratory tract to unit bady surface
area per unit.time. However, rost of the respiratory Leat and water ex-
change, it will be shown, have mcre reguler relations:with the unit mass

. |
~of air respired than with tihe mass or volume ra.ea, or snrface area.’ \

Consequently, moisture content and- enthalpies have been referred to one
pound of dry air. This is also the custom in eng1neering caleulations
of heat end mass transfer in air-vapor systems, to which the present
problem is enalcgous in many of its aapects.;

.Table VI presents the calculation equations and notation. The sxgn

convention for g, and Al is sceh that (+) means a heat gain to the body
and ( ) is a heat loss.
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TABLE VI. CALCULATION EQUATIONS AND NOTATION

Mass of respired air: : Ma: ‘= [(P-¢ps)"v l44}/R T (1)

Humidity:

Specific enthalpy, “inspired airi

+

w = M-./Ma . (@)

By o= o.2a ftp - ty) o+ oLasa W, (1, mty) ¢ L, W, (3)

2

Specific enthalry, expired, ‘air:

‘b, = .24 (z, ~t,) + e, (3, - t,) * Logs . ... (@)
SPeeifi‘c ‘en_thalpy difference: - AE = h; - h, o . (5)
~ Percent rel.- hunidity:‘ ¢ . 100 p /P, B _ (6)
Percent saturation: b= 200K /Ws e
P, p,.'ps‘ N ' bprometrxc pressure; partzal pressure, partlal press-
ure, saturated, of water vapor {iv / mz)
Mg, My mass of dry a1r, mass of water vapor (lb) ‘
W, W, AW humxdity, humidity at saturation, humidity difference,.
(lb vapor/lb dry air)
v . yolums of respired’ air (fts)

T' t" t.’ t.

absolute, inspired, expired, body temperatures (°F)

‘ Log.e latent heat of vaporizati_.on at 98.6°F (Btu/ lb)
i by, h; inspired, expired enthelpies (Biu / 1b)
R gas constant for air = 53.35 |
' q, respiratory heat exchange (Btu / hr f*a)
L] time (hr) | .
A, body surface area (ft2)
/‘ A?-T!i 6023 16
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upon the heat and mass cuantities.

Srecific nthalpy Difference

XESULTS

e rrircipal quantities‘d-r

ifiterre

ited ¢

Tatiénships,

ed bty calcula

ticn

“fror whkich

rzriically or in the fcrm of

g d1rccted,toward the fol-
itfereree as a function of in-

=ronvrt‘es ac a function of in-

espxra;cry with total body
f respiratory rate and volume

Freliminary plots of ‘tre dota indicated that Al was the keat ex~
change rarameter which would offer Liyhest corré!htiohs with inspired’
quan;ities. It was aleo clear that both terporature and huriidity affec-

ted AL and accordxntly multiple regrqulon solutions were carried
through for eazch subject, oYy the rethod outlined- cy Ieters and Van-

squares,
'x .
where, »
x -
a -
Y, £ =
byz.:'

a

i

i
i
'
'

y%. 2

dependent variable.

intercert value

Yy -

zX.y

inderendent variatles .

b

Xy

rertinl regression coefficients

: Voorhxs.“ The multiple regression, cbteined by the: rethod of least
is of the torm

The correlations frovéd ¢0 high and closely similar tbat values for the

total data were also corruted:” Table VIl

¢ives the 'statistical values

and regression equationgs, while the fit of ihe total equation is indi-

cated by Fig. 4.
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'TABLF.VII.‘~”ThTI°TIC "L SUMMEEY: AH RECRESSION

Variables:
X = A, srecific.énthalpy differénce (Btu / 1b)
'y = temperature of 1nsp1reﬂ air (°F)

'->2‘~='“hur1d1uy of‘insrrred a1r (lb/‘lb)

Correlations:

PoRol. VLR FT. 0 LuDe- - G.L.T. - - Total
zero. order C : : :

ro, 699 ST LBLT L798 - W8CT .65l
Pep 0 SBA9 - LE1F .TG2 . BBl LB .820
LTy, o WEAL - Lece Lzen Lz 222 .43

multirle

Fyrya) SUS7 LeEF 975 969 . .997 .98
Rerression equations: - oo :
AL - AgD4 ¢ CES L+ TEE ¥
LVLE. . N e S eRE7 ¢ CATS L, ¢ ETR Y,
Jotue Ak w - 4069 ¢ 100t + 74D W
L.D. AL = -46.95 + C1EEt, *+ 8777V,
G.L.T. AR e - gEl7 b G294t + oS35 Y;
| The tatal regressién equaticn is:
AR = G101t * EIN T, - 46,373 LK, * 22,01

est

°ince lnteriraividuel variations proved_so‘small in relation to the de-

gree or interrelationahip of other variables, and since tre numter of ' :
cases, five, was too small for a thorouchgoing anslysis cf fndividual : v
differences, it was decided at this point to pool the data in all sub- - -

sequcnt treatrenis. Groplic xre,entatiaﬂ« of all inrortant xita. with

A F‘-Tk €4 2 14 '
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the individual subjects denotel bty cyrcol will enfble the readsr to
judre the validity of this trocsdure. In tre caee uf tne regression for

relationship. Those for C.L.%. tend

AR, ¥ig, 4 shows that individual plotes fall closely stout tne Yine of
o 'te hLigh, those Ter Y.Fobe tenc
c

10 ke low, but the other three sul

Jects -do .ot show significant dif-
ferences.

Fig. I displays the recression lires on 2 temreratu ' e tumidity plot.

" The most irmrortant f1ru1n¢ Lere is ilat the total’ reLreerlon lines agree
in slope closely with wet iule lines. This ic a sz‘n¢f1c,rt ertirical
finding, tut more irmpertant it discleses 2 2 Leat .and rass trzansfer process

<

fully aralogous to & wet tult. Acccrdingly, a least sauarﬂs fit was mace

tetweer wet tulb of the insrired air and Si. The rlotted raints and
" line of relationship Zre given in Vig. &, The rre:ic;xve eguztiocs isy T o

o = CoCILeT 13- Cotilr t = 28,81 S =+ 1,50

~Uron this chart are alse .lrpown DEScetl ines upe Lines-of -

equal rhysicle,icnl’ erfectet L STLCr to perrit c\r'—wﬁ;cn ef A&

IV
vist:

trese indices of therral esuivalence for the Lru; 2 1 woole.

°3

ae urnetiens e jnopives Jip ovﬁx*'-"

In erierr 20 iva A mors aomplete Ticture of tio TN
tiie terierature, ruridity, rercert caturation nnd entoaipy of expires ar
hove veen ;1o cn tiie sune chart, iy, €. Top tuis purrace regreszion
equations rcre_cnr;uted; Az civen in fatlﬁhyfigfwlor..;:_sa;urnnlag_wnq
derived fror. the torrerature and rur idity velucs and the enntonrs ore

[3 P43

eye fite lcawn with a french curve. s

”ar;e.y ar a rotter ot convenience, tne relations tetween these - . \
variacles, excert rercert caturation, end inspi:c&'wct.bulb pave teen !
computed, assuring the cquaticns are second deyree rarsbolas. THe egua= - - -om o
tions are given in Table 1¥. 1he curves are fourd in Tig. 7 '

Fespiratory Volure and Pate ag rurnctions of Inspired *et hulb

“ince the termrerature, rase ard hent rropertxe of the resgiratory
cxann;cAcorrelatﬂ closely vits inerired we Lulb, an adequate test of
the tescitle 2ffect of vulure ane rote. should be .their correlations with.

“wet bult. ‘ecordincly, tlots were rade se howr in Fiy. ¢ ana Flg. 9. It B

is apperent from these flots that ro significent relations exist. Tather,
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each subject tends to maintain a charscteristic level of rzte and
volume inderendent of inspired wet bulb, Subject L.D. showed highest
rates and volumes throughout. In i

677 £t/ e {1002 liters /min) an

first experiment the vclume was.

o

i the rate, 2Z. These excessive

values declined to about nine litefs and rate of 16 for the duration

of ths series, as he .becare accustored to the respiratory equirment.

N . . The individual aversge rates ard volumes are shown in Table X.

TABLE VIII. -STATISTICAL SULMARY: EXFIRED AIR REGRESSIONS

- Variables: ' 'Y = "terperature of idspired air {°F} . .

~

Z = humigity cf irsrired air (b /1b}

bt .. .. Leperdent variatle. -~~w~w—fﬁézero'order?u~~ﬁ;fj~jj-f moltiple e
P - - . v Txy. - !'zz' ) I‘_yz' .- .Az(’yz)
X =, (°F) o9t C.526 . C.4%1 C.553
X = AV (1b/1b) =CLEEE T LL98E .41 G. 475
X =k, {tw/1b) Co786 0 G788 C.4%1 . €.J15

Po,prescion ecuatiens:

t, = 6.9 * G.CEE t, + 574 %, S, , = £ 1.0
Bt =. C.C2645 + 0.00CC3EL t, = G.7SE ¥,  TF,,, = t 0.COLS€
P By * 24.51 + 0.C537 ty + E27 ¥,  SE,., = t 1.€€
:,
t
t

TABLFE 1X. WFT BULB ECGUATICHG FCR EXFIRED AIR

t, = 83,6 * 0,189 t_ + 0.000C8 t3

R

e ™ 0.C2186 + 0.0C0126 t -+ 6.0C00G03Z t3 - -

TH, = 25.58 - 0.01373 t, + 0,001514 tI

AV=-TR 6023 ) 16
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TABLE X. RESPIRATCRY VOLULES, RATES AND MASSES

Subjects

S ————

‘Resp. Volume (OTF)

kass dry air

Resg. rate

E.R.IL

¥.V.B.

Jeviahla
Lo,

S.L.T.

.12 .21

C.264 5,76

C.169 - ~ - - 4,79

C.369 10.45

c.zg2 €.74

- 5.9

7.1

31D

19.5

2.6

Average

.28 . €.59 -

115

’

AF-TR 6023

17




AF-TR-6027

16

_ _ | | | : S 3unold
(de) MIV QIMIISNI 40 JHNLVYIAWIL 8INS L3M o
ool 06 o8 oL 09 13 o¥
5 T T T T ov-
G31034400°  —-—'t : o
WNIOIMO® . X X X )
© NOMVND3  ¥3NLLNG o o |
S SLINM HOMN3 OHVANVIS——— 1 — doe
1@sl - %}182£80 - %4 L6000 HY &
| vI08vEYd 114 1S38—— —
M ,. I oz =
_ 4 oz- <
_ o
_ ®
: o
‘ m -
| o =<
| 4
| E
.ﬂ )
; m
| ;9
H 1 2
| ﬂ -]
“ m
." ., -8
w o1
| |
] 1 1 | 1 __
i




0v0'0 |

(MIV ANG @V/M3LVM SET) WV QINIISNI 40 ALIGINNH
.0£0°0 0200 £ 010'0 _

9 3unoId

0000

N4 v

NOLLYNNLYS

IN3D ¥3d -

. -ty

T . , T . . L 4

Eft&& R o - . &N . | N \

4
A

o

H N

N/
\ . o€
.OA,On.

N\ 011

v
(de) NIV QRILSNI

19

AF-TR-6023

VA

e e A

IV 5%

p s < s o e oy
N z
R e
RRESISRS N w /)




(div AMG 81/N18) HIV  Q34ldX3  4C AJIVHINS
’ [«3 o "

S = 8 8 - 2 80
T N T S T —T" =
. \ e i e e«
N\ : :

g {8~
= w
< J
. 3 >
rd w
- & 48
£ «
. }5 <
@
l 8
- e g e - 8 E .
| %

70

50

WET |BULB TEMPERATURE OF

. llv l
B 5 g
o P . | _ o)
(Hiv AMG 871/431VM SE7) HIV J3HIdX3 40 ALIGINNH ~
8 -3 a 4 & = W
. }_ ,v- _ 3 .
= 2

d.)  MIV QFWdX3 40 FWNLVNIINIL

UUAF-TR-6023 20

e H
|

E

.




_
|
|
_

~ | 8 3unold
(do) HIV Q3YIISNI 40 3UNLVH3INIL ETNE L3M IR
ool o6 08 oL 09 os | .. o»

T T , — T T 0.

1 vo,

]
o9

q
 (NIN/SHLY3NE) 31VY AUOLVHIdSIM
2i

AF-TR-6023

. ’ : .
: e L L R U L R e RN .i:....f r -
. . . . “ . »




|
o S | & 3o
, : S
(40 HIV Q3MIISNI 40 3WNLYHIAWIL GInG L3M L
ool L o8 or 09 oS or
T T . ) T , T . — - — . . O.O..O
| v | |
b e e . ¥ ]

Ob.v 0, ”O$§. + °° i OON.O | 5
xo OI, .. o * + _ m .
| . -2

.n. . h, . w i
’ 4 ooco B .
| T =
-] [ [ w w _” ‘
? o i
) » | < g
{ oovo 2 ‘
c
: w
| m
_ . .
M_ o5
M, 4 ooso -,
§ o |
, > |
_ - Jooso g
B |
: ﬂ |
_” g
1 1 L \ N ,

_N\




| o o 3unoi
(Miv AMQ 87/n18) ¥V Q3YIdSNI 4O AdTVHLNT .
08 oy o¢ oz .. o o0 . or.

|
i

. . P
T — . A e .

(8iv AMG 87/018) ¥V Q3uldX3 40 AdWHINI
23

AF-TR- 6023




X%

S

SECTION V - DISCUSSION |

Effect of'Temperature and Hﬁmidity uron the Exrpired Air

It is clear from F1g. 6 that both temperature and humidlty of the
expired air are affected by the terperature and. hum1d1ty of inspired
air. All ihvestigato;sllﬂwc,U agree cn the temperature relation; ex-
cent Corlettee who assumes a constant termrerature-of 33°C for expired
air. The humidity cor expired air, on the other hand, is stated by-
several authors10 €14 ¢n be sa‘u*atn* recs*dless ‘of other ~ond1tions.
The best evidence, nowever, 1s Otne"Il=e"‘ 11 ’ éna our data clearly
-show that unsaturat1on is ‘the rule. Fercent =aturat1on of explred alr ~

is a direct function of 1nsp1red air hunz‘zty ard an 1nverse function .. ...

" of inspired air tevperature. Iumxdzty of the exvlred axr is seen fran.
Fig. 6 to be closely related to bam i dity of inspired.air tut is only
m0derat§1y'affécteo by ihstireé'aif'temperatﬁ*e{ The pértiéi de;eﬁd-
ence of temperature and humidity of ‘he explred air uron the corre-

sponding quartities'in the inspi”ed air is further corroborated by the
-~orre1ations with wet bulb terpe ature, Fig. 7.

e bas1s for the 1nf1ue"ce of 1rsp1red air _composition upon the.
cxpired air is largely to be fourd in reciprocal excharres of heat and
~vater between the»recplratu‘) tract and the respired air stream during

“the inspiration and expiration phases. These effects are best illustra<
ted in the diagrams of Seeleyll which show that even in the short tra-
verse from nasopharynx to portal the expired air terperature rises if
the preceding inhaled air was hot. Conversely tne tewperature falls if
the inhaled air was cold. The simplest and probably entirely adequate
explanation for these effects is that heat given to or extracted from
the respiratory tract during lnhalation is corrvspondingly extracted
trom or given to the exhaled air. :

In regard to humidity changee, the surprisxng .::t is that conden=
satjon apparently does not play an important role. Relative humidities
(or percent saturations) of expired sir in the present exporimants uoro,
except for two experiments, always less than 100% and typically were in
the range 80 -90%. Seelayll generally obtained like results. He round

AP-TR 6023 A
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that, at a room temperature of 7C°F, the inspired humidities always rose

to over 9C% in the position ﬁid—way tetween porfal and nasorharynx on

inhalation, but at the same point on exhk alatlon were reduced im relative

humidity to about 8C%. This is approx1mately accounted for by the kigher

temperature obtaining at this position during exhalation if no absclute

~_humidity change occurred. Seeley . 9urtner !Ound tkat if the inspired air

was cold, it was- also relatively. cool on expzratxon, tut the expired
relative humidity wae in the range gQ;::Q&,rregagdlgssvgﬁ the relative
humidity of inepired air. 3

' Lung Temperature and Fumidity

Lack of saturation of the expired air in §heﬁd¢;er_p§s$ages,§nd at
the portal raises the question of the state“of_lung)tgpperature'and satu-

- ration. No lung temperature data for hurans are.known to the authors but

Walther, Biehop and u'ax‘-rérl3 report a lung temperature of 36.7°C in the
calf and Loewy and uerr=rtz’ found e, c°”wfor~rabbits-and‘$6.2°c for -
dogs. Saturation at such tery eratu*ee would slve a v&por pressure of

'about 45 rm he ag was found by Chr15t1e and Looexs.  The. evxdence there-

fore is trat lung air must te rearly saturated, rrohahly 35% or higher.
Since the ’ung temreratures are, under vsual conditions of inhaled air,
the h1ghe=t in the recriratory tract, the explanatxon for the partial
unsaturation of the exrxrci air must be sought in other processes csuch

as adsorpticn on the mucous sur’aces cf the tract. In stite of the above
estimates of lung terrerature ard those of various ‘sites in the resp1ra-
tory tract, the temperature at which water is added has ‘been taken at

the standsrd figure of 9E.€°F (27, L°C) for ‘the trermodynamuc calculations.

Specific Fnthalpy and Specifice Enthalpynéiffereneé“:

. A good correlation is found between the enthalpies of imspired snd
expired air;, as shown in Fig. 1C. Fven higher correlation is found when
inspired enthalpy is plotted again't specific enthélpy‘differEnce; This
is largely the result of the greater.range of the latter, since the re-
sidual variastions about the lines of relationship are of similar magni-
tude. These correlations, those with humidity and temperature, Fig. 4,
and those with wet bulb, Fig. 5, permit the straightforward interpreta-
tion that the respiratory tract exchanges aeneible and latent heat in

the same manner as a radiation shielded wet bulb- thermometer. The ovi=-
dence for this statement is as follows:

(1) From Fig. 3 it is noted that the empirieel reeression lines at

AF-TR 6023 - ' 25
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. results with regard tc this variable. Such ‘studies, howevcr. involveq

‘AH = 0 scatter closely ab0qt'the wet bulﬁ"line:*Sincc ideal,
. or thermodynamic, wet bulb is an adiabatic ‘process, these com- -
parisons can be made only at A}{ = O

(2) From Fig. 5 at AH = O the msured wet bulb is 95.5°F. With

© this value we can enter Fig. 7 and read the predxcted humidity
and . temperature of -the expived air, C.0366 lblflb and 99.4°F

: resp. By reference to a psychrometrxc chart thxs glves a wet

‘buldb of. 96°F. This checks. closely with the wet ‘bulb- of the in=~ -
spired air of 95,5°F. Therefore, sensxble and latent heat ex~ .
changes take place at relatlvely constant wet bulb and total
heat.

{3) There are minor d.vergenczes from ideal wet bulb behavior.

" Water is added in the tract at a temperature higher than wet
bulb. The eprred air does not proceed to saturation; in the
above instance it is 87%. However, the extent of these dis-
crepancies is'small in compa:ison»tgwthc-cxtent»qf agreement.

Respiratory Heat Exchange

‘It is cvident from the plots in Fig. 8 and Fig. 9 that no«signifi;
cant relationship exists in the data as a whole or for any individusl
_sub*ect. Over the range of the 1nsp1red wet bulbs. concerned, each sub-
ject tended to maintain his characteristic rate and volume of breathing.
Other workers have found different results. Pfliederer and. Lesslo report
that heat exchange varies as the 3.5 root of respiratory volume; Burch®

- . found & -high correlation between volumc and heat axchangc ‘when different
. subjects are considered; but Loe-y and Gerbartz’ dbtained 1nconeistent

total irmersion of the subject or cnimal i the environment of 1nsp£red .

- air and hunidity, while in the present study the ruspirutory tract only
_was exposed t0 these conditions, Conscquently. the overall bady thermal

state was relatively unaffected and sisniticant thormal stimulus to
respiration wes 1ccking. o - - _ S

‘The reoptrntory heat oxchango nay’bo calculated trom thc equctions.
q ° (u/A, 0) (- 48.37 + 0.191 tg * 810 :‘1 ' '
or

< = e /A8 (- 1.8 . 0.0105 o - 0.e33 &)
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The grand average. of M = 0.057C 1b /hr 12 fox.'_.t!ie pré_éént series may be

used, or for a specific case where respiratory""volme or mass is known,

g, can be calculated with use of the bracketed-terms.

Comp‘arison tc Previous Wwork

Room temperature exper;ments in the present series- may be compared

:_\uth those of Burch3 both env1ronments averagmg around 70°F. Table X
‘presents the. compamson, expressed in the uxuts empmyed by Burch. -

TABLE XI. COMPARISON OF ROOM TEMPERATURE DATA
WITH THOSE.  OF :BURCE

. | Bureh | ucla
 Room air temperaturs (°c) ©20<21 0 Zl-2
Room -r"elatne hum1d1ty L ”55460' ' 20~ 40
Expired air temperature (°C) ) :',3.19 L ame
Expired: relatlve bumidity (%) B ; '( . 8e.2 88.2
Resplratory volume (liters /mf 10 mm) _"&..,9 o 4L
kater loss ,(zm/ me 10 min) L C.GE ‘_ "1.21°
Heat exchange (kg-cal '/mz 10 min) COUCLeET _ 0:828

"‘he aereement is remarkable as regards expired air tangemture and

y humid‘ty, but Only fair for water loss and heat exchange. In part, the

latter can be explained by the lower room humidity in the present ex-

v _periments, which, it has been shown, increases .the water loss enu there- -
'fore the letent heat. In ‘the above ccmparison. the heat aggsociated with
- ..the excretion. of. coz. as. computed by Burch,_hu been. anit.ted, in -order

to restrict consxderation to the sensible end lutent heat exchanges which .

are the subject of present . etudy.

More general formulations have been presented by Bﬁttxter‘, as taken
from the data of Prliederer and Leealo He sives for expired eir.

t, - 32 + o.o:sve A (0 c)
and for respiratory heat exchange,
q, . 0,312V (&, A‘). (cel/uin)
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where, the new terms are,

...

Ei, A, = equxvalent temperatures* of inspired and exp1red

airs, derived from the equatLOK.ﬂb~

K= <t"-"‘gps(att’)-

and all temperatures are in degrees C. By appropriate conversions the
curves of trese equat1on‘ can be cowpared wzth thaee of the present data.
On Fig. 7 the.plotteq exp;;ed_a;r_cerve‘eg_suptner agrees approximately
at a wet bulb of SC°F but diverges so that at 88° a 2° difference exists
between the curves. We have nro explanation for this discrepancy, and no
furtber check is possible, since neither Buttrer nor Ffliederer and Less
present the basic data. - : ' :

Conve:t1ng the second~Butzneraequat-cn to A}zas a functlon of wet
bulb, ty utxlxzxng the averaze resoxred a1r mass and surface area charac-
teristies of the present ex“er1nents and sLbJects, a curve was obtalned
which could te plotted on Fig. 5. One notes that it everywhere falls be-

“low the curve >f our’ data. Euttner, however, followlng Pf11ederer ‘and

Less, asserts that the expired air is always saturated. Recalculation of
A from the value baced on caturation to that actudlly found in our ex-
periments g1ves a corrected Buttner curve which much more closely agrees

with that for the present data. The Blittner equat1on zay- therefore be
said to yield similar results, when corrected for the erroneous assump-
tion of saturated expired air.

Subjective Rerorts

It has been noted that in another series of heat exposures up‘to
240°F there were found to be no critical semsations of heat or burning
referred to the respiratory tract. The same may generally be said for
the present experiments. Those experiments_which.were calculated to give
a heat gain to the respiratory. tract; namely £CC°F and.1.18 in..Hg,.
caused three of the five subjects to report that the inspired asir set
the teeth on edge™. The cmnments on the other 160°F experiments were

~that the air was "warm" or "dry", and 120°F air was not sensed as dif—

ferent from room air.

* The equivalent temperatura, A, is that commonly’defined in meteorolog-

fical literature as the "ediabatic equivalent temperature" which the air
would have if totally dry and at the same pressure.
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" Comparative Thermal Equivalence Lines

The lines of AH on Fig. 3._may.be consicle;'ed thermal equivalence
-contours ror the respiratory tract, and from tke close parallelism to
. ' ~ wet bulb lines the latter may also be said to -‘de'fine' thermal equivalence
oo eomoux‘-s. The surprising capacity to'cool high temperature air through
humiiification can best be expressed by a comporism. At 185°F and
.C18 1b/1b the AH is zero, and therefore no-net heat Ioad is imposed
upon the respiratory tract. Under the same condxtmns the: overa.ll body
net heat exchange is strongly unbalanced in favor of a gain. Thus, the
gain from radiation, convecnon and metabohsm wonld approxmate 3700
Etu /hr, the loss due to evanorat ion from the skm would: nct be greater
+han 3CCO Btu/ hr. Consequently ‘heat accumulatmn occurs at-the rate of-
700 Btu / hr and the body texrperature rise would te of the orger of

- 6°F per hour. Actually, the average subJect tolerates snch.an exposure
-on]y 40 mmutes.z 'Dhermal equwalence lines for the total body based

“upon a phys1olog1ca1 mdex12 and on the effectxve temperature ‘'scalé are ST

plotted comparatwel with' AH on Fig. 3. The slopes leustrate what is

now well known, that total body heat balance does not ohey the heat and

mass transfer laws of the wet bulb, but as clearly shown here, the res-
. p1ratory heat balance does so very closely.

i
|
!
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SECTION VI - SUMMARY AND CONCLUSIOCNS

1. Specific enthalpy dxfferance between znsplred and expzred airs
~proved to be the- most ‘fundamental heat quantity: ~

‘a) as judged by satisfactory predictive relat1onsh1ps which are
1ndependent of rate and volume of respxratxon,

(b) as estaol1shed b satxsfactory theoretical accountings for

the heat and mass ‘transrer process.

2. By setting specific enthalpy differencé equal to zero it was found
that inspired and expired wet bulb temperatyres agreed very closely.'_
This permits the 1nterpretatxon that adiabath sensible and latent heat
exchanges between inspired ard exp1red air take place at constant .
total heat. - o . : '

2. Pred1ct1ve equations have been developed as follows. . : ' ' !
AH = c.101 t‘ + 810 W, = 48.37 ;3  EE,,¢ = £ 2.01
AH = 0.0105 t3 = 0,833 t, = 15.81 ; . SE,gq¢ = ¢ 1.59

4, The temperature, humidity and enthalpy properties of expxred air
are described mathematically and graphically..

L ' Discusaion of these resulta iith other'investigatiohs in the litera=
ture, where comparison is justified, reveals satisfactory agreement when

i m . . e mer. wdma—s - W

oy

A e e, oo~ at

states of unsaturation of the expired air are considered.
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FFENDIX

s
=
wy

TABLE“'OF BAS;C DATA AhD PRINCIPAL CALCUL TED QUANTITIES

~Guide to Tables ‘

Column: _ Datum: '_ |

Expefiment'Nuxriber ’ ™~ H

Expired Humidity (lb/ 1b. dry au-)

Inspired Humidity (lb/1b dry alr)

Water Added by Rec rxratory Tr act. (lb Ib dry air)
Expired rercent Saturation

»In..pxred Eercent Jaturation

v,

¥xpired knthalpy (." “.rred to 96. .°I')

]

0 W o ZE R armkToWE O oo >

|

Insva-ed Enthalpy (r‘:«rerred to _9“.6"1’)‘

Srecific ’-rthalr:, Lifference {Btu /lb dry ai.r).
Temperature and Vipor 1""essur<. Setting {°F} and (in. Hg)
Environment Tempm-qt,ure and Vapor Pressure (°F) (in. Hg)
Atmospheric Preq ure {in. Hg)

Duration of 'I'est {min)

Respiratory Rate (breaths / min)

‘Respxratory Volume (ft3/m1n)

Temperature of Expired Au' (°F}

Wet Bulb Temperature of Inspired Air (°F}




. | | APPENDIX

SUBJECT E.R.H.

A B c » E_ F G E 1

H-1 ~ 0.02830 0.00440 0.02390 - 88.88  29.55 27.37 <2.74 =30.11
HE-2 ~ 0.02920 0.00440 0.02480 89.02 - 29.77 28.5C. =-2.79 =-31.32
“H-3  0.03277 0.00979  0.02298 - :94.22 4119 32.64 - 6.1}  =26.53
B4 0.03160 0.00908 0.02252 92.07 ' 38.46 31.42 5.35 <26.09
H~5  0.03341 0.00473 0.02868 ~94.81 .6.07 33.37  9.80 -23.57 -
H-6  0.03571 0.01488 0.02085 - 94.67 . 20.02 36.36 20,06 =16.31
H-7  0.03791 0.02681 0.01110 .98.57 29.68 38.83 . 34.1}: =~ 4.72
H-8  0.03337° 0.00414 ~ 0.02023  :85.92 = l.4¢ 34.65 18.95 ~15,70
H-9  0,03737 0.01724 0.02013. '94.06 ~ 7.19 38,40 31.59 = 6.81
H-10 0.03876 . 0.02685 0.01191 .. 87.16 - 8.26 40.83 . 43.99 + 3.1
H-11 - 0.03916 0.02573 0.01343 -90.04 - 8.57 41.08 '42.25 + 1,17
H-12 - 0.03553 0.00823° 0,02730 :92.96 = '1.25 36.17 28,45 =~ 7,72
H-13 = 0.03767 0.02020 0.01747 90,05 1.92° 39.24 ' 43.61 + 4,37
H-14 = 0.03935 0.02296 ~~ 0.01639 5 “93.14 ~ 3.45 41.08 " 44.32 + 3,24

A 3 K L. ‘M N 0 P q

H-1 Room Air ~ 68.4-0.21 29.80° 5,72 7.3 0,178 90.8 51.8

- H-2  Room Air €8.2-0.21 - 29.80 5:45 7.9 .0.187 A - 91.7 5l.6
H-3  Room Air 82.0-0.47  29.70 5.60 6.3 - 0.174 93.5 - €5.6

! He4 PRoomAir = 81.8-0.43 29.70  4.13 6.8 0.240 = 93.1 647
y - H-5 120-0.39 . 118.8-0.35 29.73°° 5.90.. 5.3 0.168. 93.9 70.2

H-6 120-0.79 117.3-0.70 29.63. . 540 5.4 0.185  96.0 LS5
H-7 120-1.18 ' 123.5-1.24 = 29.70-. ' 6.68 5.7 0.151 - 96.6 - 92.8
H-B  160~0.39 150.2-0.31 29.73  5.30 6.0 0.192 96.9 80,6
H-9 160-0.79 153.9-0.82 29.72°  5.25 5.9 0.195 97.6 91.1
H-10 160-1.18 162.6-1.24  29.80 " 4.44 . 6.5 0,237 10L.1 99.2
H-11 160-1.18 160.4-1.19 29,72 5673 5.4 C.1835 '100.4 98.4
H-12 200-0.39 '180.3-0.39 - 29.73 ' 5.35 ' 5.2 0,195 96.4 88.5
H~-13-200-0.79 - 189.5-0.94 29,72.. 7.10 4.7 O0.145 99.2 99,1
H-14 200-1.18 180.5-1.07 29.73  7.38 4.2 0.144¢ 99.5 99.6
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APPENDIX
SUBJECT W.V.B.
A B c D E F 6 H I
B-1  0.02905 0.00349 0.02556 87.71 ~21.87 - 26.45 =3.19  =31.64
‘B=2  0.02977 0.00364 0.02613 .88.42 ~22.24 29.46 =2.86 =32.32
B-3  0.03333 0.01100 0.02233 100.00 35.}1 32.61 9.39 =-23,22
B-4  0.03456 0.01096 .0.0%360 100.00 ' 34.98 34.16 9.35 =24.81
B-5  0.03461 0.00467 - 0.02994 94.77° '5.68 35.07 - 10.16 ~24.01
B-6  0.03541 0.01664 0.01877 94.78 21.36 35.97 22.27 ~13,70
B-7  0.03658 0.02460 0.01198 . 95.41 30.01° 37.00." 3I.00 = 6.00
B-8  0.03601 0.01403 ~0.02198 89.78 .- 5:33 37.13 28.84 - 8.29
B-9  0.03902 0.02089 0.01813 98.21 7.7 40.24 36.28 - 3.96. - -
B-10 - 0.03768 0.02613 0.01155 85.27 - 8.43 - 39.5¢ 42.90° + 3.36
B-11 .. 0.04035 0.02780 - 0.01255 - 96.46 10.35 42.18° 45.64 + 1.46
B-12 . 0.03848 0.01148 = 0.02700 " 91.08° 1.16 40.09 33.93 =~ 6.16
B-15 0.03859 0 01971 0.01888 88.45 - 2.24 40,29 42.25 + 1.96
B-14  0.03954 0.02788 - 0.01166 90.92 ' '3.16 41.38 51.08 + 9,70
A ¥ K L M F 0 P Q
— e -~ - B=l  Room Air - -70,4=0,17 29.78 5.90 6.4 O0.176 920  51.0
B-2  Room Air = 71.1-0.17 29,78 5.82 6.7 -0.192 92.5 51.6
B-3  Room Air . 90.3-0.52 29.66 4.95 7.9 0,192 92.0  69.9
B~4¢  Room Air = 90.3-0.52 29.66 5,40 8.3 0.177 9.0  69.8
"B-5 120-0,39 120,5-0.35 .20.66" 4.55 ..8.4 '0:2I& 95.0 707 -
.B=6  120-0.79 118.8-0.78 -29.71 4,19 ‘67 .0.254. 95.7 3.4
B=7  126-1.18 .120.4-1.14 29.71 4.77 ‘61 O0.212  96.5 . 90.6
B-8  160-0.39 156.6-0.66 = 29.66 5.08 6.3 - C.20F  97.9 89,0
B-9  160-0.79 157.2-0.97 29.66 5.00 7.0 192 97.6  94.5
B-10 160-1.18 161.3-1.20. .29.80 ~4.46 6.7 0.237 100.9 98,7
B-11 160-1.18 157.2-1.28 29.66 4.82 7.5 0.205 99.2 99,1 -
' B-12 200-0.39 .188.4-0.54 29,65 4.95 6.9 0.212 99.5  93.5
~ ;. B-13 200-0.79 186,2-0.92° 29.65 5.40 7.2 0.192 100.5 98.2 ;
' T B-l4 200-1.18 186.3-1.28 20,63 5.40 6.7 0,199 100.4 103.4
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APPENDIX

) : , o A SUBJECT L.D. -

S o A - - . B i€ o D E F . G. . _ HE.___._ 1

D-1  0.02841 0.00376 0.Cz463 68.07 25.06  27.60 =-3.28 =30.88
D-2  0.02852 0.00381 C.02471 €8.11 24.25. 27.7% -2.96 -30.68
D-3  C.03056 0,COzl4 ©0.02844 84,55 ~2.84 3C.78 . 6.82 -23.91
D-4  0.03233 0.01845 O.Ul€68 9l.46 19.88 32.37 . 21.00 ~-11.37
D-5  0.03801 0.0263C 0.00871 91.31 33.55 35.8C 32.44 - 3.36
D-6  0.03260 0.00173 0.CZCE7 76.18 . 0.56° 33.90° 16.90 =17.00
D-7  0.03490- C.01598 C.0le92 ~ €3.97  4.49 36.27 33.02 = 3.25
‘D-8  0.03522 © 0.02500 0.CiCzz 60,72 - 7.37:  37.00.  42.32 .+ 5.32
D-9  0.03436 0,C0175 C.G3261 78,75  C.12 36.05 25.00 =11.C5
D-1C  0.03530 - 0.Cl€CZ  C.Cl9z8 82,50  1.18 36.91. 40.11  + 3.20
D-11 0.C3644 C.C£517  C,C1127 82,20, 1.54 36.€5 50.64  +1L.99

A J K I ‘M K o P Q

. D-1  Room Air  €8.5-0.18 29.8C 1.5 23.4 0,677  9L.2  50.8

p-2  Room Air  70.0-0,18 - 29,80- 2:20"22:6 0.455 9L.3  5l.4

D-3  120~0.39 117.7-0.10 29.87 . 2.98 19.1 0.340  94.7  66.4
- D4 -120=0.79 118.7-0C.72 29,62 3,72 18.3 - 0.287 94.0 8.2
‘ D5  120-1.18 119.0-1.14 29,82 3.85 164 0.25¢ 96.5  91.9
L o D-6  160-0.39 161.3~0.08 29.86 .3.06 18.6 0.340 99.1  78.1
' o " D7  160-0.79 165.1-0.75 29.79 3.46 M.7 0.293 99,0 92,0
p-8  160-1.18 163.8-1.16 29.79 2.74. 21.5 G361 100:3 98,3
D=9 200-0.29 194.9-C.08 =29.86 '2.82 213 0.375  100.5 €5.8

D-10 200-0.79 193.6-0.7% 29.62 2.96 19.3 0.340 '99.9 971
D-11 200-1.18 196.2-1.17 29.82 3.10 19.0 0.333 10L.0 108.2
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B R et

sunmcr ‘G. L. 'r.' _

A B ¢ b . E  F._ 6 B I
| T-1  0.02805 0.00374 0.02431 - B7.79 25.64 26.90 =-3.56 =30.46
o T-2 . 0.02899 0,00386 0.02513 89.99 26.36 27,99 <-3.41 ~31.40
T3 . 0,03082° 0.00214 C.02868 ©7.19 2.99 30.81 6.42 -24.79
© T-4 © 0.03301 .0.01511 0.0179C  '94.61 21.11 32,98 20,00 ~12.t .
. T-5 . 0.03443 -0.02661 10.00782 3.6 34.05 B4.86 (32.75 - 2.13
. T-6  0.03181 0.00164 0.03C17 75.79  0.56 32.15 16.45 ° =15.70.
a7 0.03147  0.01529  0.01618,:75;_.2:5}-{ 4.44 32,77 32,06 - 071
T-8 . 0.03510  ©0.02395 0,00915 < 76.36 " 7.70 34.74 40.60° + 5.86 . .
Coepag ;08403 0,00179 T 0.03224 74.58° 0,11 36,09 26,367 =10.75.
.. T410° 0.03378 0.0157€ 0.01802 77.42  0.85 34.79 40.94 ¢ 6,15
T-11 0.03579 . 0.0255¢ -0.01025 81.25 1.57° 37.77 5102 413,25

N 3’. 1’ R R

T-1'  Room Air  67.8-0.18 . 29,80 '3.70 13.2 0.286 90.9 80,2,
‘7-2 - Room Air j_"_'“:'v6_7.-9‘.—0.'19_‘:;.2'9._':3:;.‘:7».4.']_.0,':13;'9.‘ 0.261  9l.2  50.5 L
T-3  120-0.39 '116.0-0.10 29,87 4.32 "13.0 -0.222- —‘-94:0—-*»55.&— - e
T-4  120-0.79 116.1-0.70 *-29.82 5.67 1l.1 0.189 .6 e.3 .=
—T-5120-1.18 118.9-1.23 20,8 4.15 14.5 0.242 95,2  R.0
-6  160-0.39 159.8-0.08 za.eev‘{&;j:s; 4:1  0.233 . 99.3  77.4
; | Te?7  160-0.79 164.2-0.72 29,79 4.75 4.7 0.214 9.2 9.3
’ ©T-8 1 160-1.18° 16L.4.1.11 '20.7 4.52 15.9° O.221 1003 971
;. T-9 200-0.39 196.2-0.09 29.86 4.60 12.8 0.231 WL9 860 .
' 7-10 200-0.79 196.1-0.74 20.82 4.05 15.1 0.249 = 100.5 - 97.4
© T-11  200-1.18 196.1-1.18 - 29.82 4.02 13.4 ~ 0.270 100.8 105.
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